ABSTRACT Objectives: To investigate the association between diabetes mellitus and missing teeth in Hispanic/Latino adults from diverse heritage groups who reside in the USA.
INTRODUCTION
Diabetes is the seventh leading cause of death in the USA 1 and is associated with serious oral and systemic health complications, including periodontal disease, which can lead to tooth loss. 2 Moreover, diabetes is especially prevalent among racial/ethnic minorities, including Hispanics, who are currently the largest ethnic minority in the USA, with a population of more than 54 million. 3 Findings from the 2003-2006 National Health and Nutrition Examination Survey (NHANES) indicated the prevalence of diagnosed diabetes for Mexican-Americans was higher than that of non-Hispanic whites for all age groups. 4 A second NHANES analysis found nearly half of Hispanics with diabetes had undiagnosed diabetes. 5 A previous analysis from the Hispanic Community Health Study/Study of Latinos (HCHS/SOL) reported that both diabetes and prediabetes are disproportionately high when compared with US national figures and that their prevalence was heterogeneous across Hispanic backgrounds. 6 Limited but emerging evidence suggests a relationship between diabetes and tooth loss. Tooth loss is typically an indicator of cumulative oral disease burden and access to dental care. A recent analysis using NHANES data found that adults with diabetes aged 50 years and older had higher numbers of missing teeth and were more likely to be edentulous than their counterparts without diabetes. 7 
Key messages
▪ Relative to participants with normal glucose tolerance, participants with uncontrolled diabetes had a higher likelihood of both missing nine or more teeth and edentulism. ▪ No associations were found of either impaired glycemia or controlled diabetes with tooth loss in adjusted models. ▪ Age, nativity status, income, cigarette smoking, and less healthful eating were associated with higher mean numbers of missing teeth in men and women, and current insurance status was associated with higher mean numbers of missing teeth in women.
These findings are consistent with those based on data from the Behavioral Risk Factor Surveillance System (BRFSS) where a strong relationship was found between self-reported diabetes and missing teeth in adults aged 18-44 years. 8 In a second analysis from the BRFSS, adults with diabetes reported a lower quality of life and higher numbers of missing teeth than adults without diabetes. 9 Missing multiple teeth may lead to inadequate nutritional intake, which is concerning in adults with diabetes, because healthful eating in combination with other factors such as physical activity is important in maintaining glucose control. According to the American Diabetes Association (ADA), nutrition therapy is an integral component of the management of diabetes, because it helps to treat the disease by modifying intake of nutrients and whole foods. The overall goal of nutrition therapy is to create an individualized eating plan for patients in an effort to lower their glucose and blood pressure, and to help reduce their risk for systemic issues, such as coronary heart disease and stroke. 10 To date, however, no study has examined the association between diabetes and missing teeth in a populationbased sample of US Hispanics.
Hispanics have a disproportionately higher prevalence of diagnosed and undiagnosed diabetes at younger ages compared with other ethnic groups. 11 Lack of access to health insurance and preventive services in the Hispanic population may accentuate the association between diabetes and poor oral health. 12 In a cross-sectional sample of community-dwelling impoverished older adults in northern Manhattan, findings were that Hispanic adults and non-Hispanic blacks had a higher prevalence of missing teeth compared with non-Hispanic whites, and that this relationship was strengthened with increasing age and lower levels of educational attainment. 13 Moreover, a recent report of adults aged 25-44 years found that the prevalence of tooth loss was higher in Hispanics as compared with non-Hispanic whites, indicating that this disparity may also begin in young adulthood.
14 Hence, we sought to investigate how diabetes relates to cumulative tooth loss in Hispanic populations across age group and by gender.
RESEARCH DESIGN AND METHODS

Study population
The HCHS/SOL is a community-based prospective cohort study of 16 415 self-identified Hispanic/Latino persons aged 18-74 years at screening from randomly selected households in four US field centers (Chicago, Illinois; Miami, Florida; Bronx, New York; San Diego, California, USA). The aims of the study were to describe the risk factors, prevalence and incidence of chronic diseases in Hispanics from diverse national/regional backgrounds, of which the largest represented groups were Mexicans, Puerto Ricans, Cubans, Dominicans, Central Americans, and South Americans. Detailed information regarding the sampling design and cohort selection is available elsewhere. 15 Study visits included medical history, oral examinations, medication inventory, fasting morning blood draw, and demographic and behavioral questionnaires. The analytic sample comprised 15 965 (n=15 132 dentate, n=833 edentate) participants with complete data regarding missing teeth and diabetes (97% of those enrolled). Institutional Review Board approval was obtained at each participating institution, and all participants provided written consent.
Missing teeth
Trained and calibrated dental examiners (n=13 across all four study sites) performed a comprehensive oral examination for dental caries and periodontal disease using full-mouth assessments. The examiners determined tooth status by means of visual examination of all teeth present except third molars, 16 for a total count of 28 teeth. If a tooth was missing, the examiner made a determination, after discussion with the participant, of the reason for the tooth's absence, such as trauma, periodontal disease, caries or orthodontic treatment. In the analyses presented here, we counted teeth that were determined missing due to periodontal disease or caries, but did not count teeth that were missing due to trauma, orthodontic treatment, or other reasons. The specific outcomes for missing teeth used in the analysis were tooth loss ≥9 teeth and total edentulism 16 (missing 28 teeth, not including wisdom teeth). We defined impaired oral function as missing 9 or more teeth, because adequate oral functioning has been defined as having 20 or more teeth, which equates to missing 8 or fewer teeth (not including third molars). 17 
Diabetes (glycemic status)
Using the ADA guidelines, glycemic status was used to categorize participants into three groups: diabetes, impaired or normal glucose tolerance. 18 This definition was derived by taking into account fasting blood glucose levels and glycosylated hemoglobin (HbA1c) percentages from the ADA definition 18 with the addition of antidiabetes medications.
Individuals with diabetes were defined as those with HbA1c≥6.5% or fasting time >8 h and fasting glucose >126 mg/dL or fasting time <8 h and fasting glucose >200 mg/dL. Individuals with impaired glucose tolerance were defined as those with an HbA1c of 5.7-6.4% or fasting time >8 h and fasting glucose of 100-125 mg/ dL. Individuals with normal glucose tolerance were defined as those with HbA1c <5.7% and fasting glucose <100 mg/dL. In addition, among individuals with diabetes, we used HbA1c<7% to indicate controlled diabetes and HbA1c>7% to indicate uncontrolled diabetes. 18 Covariates Bilingual interviewers administered structured questionnaires in English and Spanish at the baseline evaluation. 15 Self-reported nativity status was included as a covariate in the analyses, with US-born defined as birthplace within the 50 states or Washington, DC. Other sociodemographic characteristics included as covariates were age (18-44, 45-64, and 65-74); gender; household income ranging among <$10 000, $10 000-$20 000, $20 001-$40 000, $40 001-$75 000, and > $75,000. Educational attainment was characterized as <high school, high school or equivalent, or >high school education. Current health insurance was categorized as none, private, or Medicaid. Hispanic background (Mexican, Puerto Rican, Cuban, Dominican, Central American, South American, other/mixed), and field center site were also included as covariates.
Behavioral covariates included smoking status (current, former, never), and physical activity level. To ascertain physical activity, we administered a modified WHO Global Physical Activity Questionnaire 19 to obtain estimates of moderate/vigorous levels of activity from work-related, transportation, and recreational domains. Participants were classified as physically active if they engaged in ≥150 min/week of moderate intensity activity, ≥75 min/week of vigorous intensity activity, or an equivalent combination of activity, as recommended by the 2008 US physical activity guidelines for adults. 20 We characterized healthy eating using the Alternative Healthy Eating Index-2010 (HEI-2010), which is a score comprised of key dietary requirements, including those for total fruit, total vegetable, and sodium intake. Scores of the HEI-2010 are assigned based on intake levels of dietary requirements. We categorized scores into quintiles, with the highest quintile indicating the healthiest eaters and the lowest quintile containing the least healthy eaters. 21 Additionally, we adjusted for decayed and filled teeth, using the decayed, missing and filled teeth (DMFT) index, 22 periodontal disease, using the Centers for Disease Control and Prevention (CDC)/ American Academy of Periodontology (AAP) periodontal disease classification 23 (disease status characterized as none, mild, moderate, or severe) and C reactive protein (CRP) 24 categorized as <3.0 mg/dL and ≥3.0 mg/dL according to clinical criteria 25 to indicate systemic inflammation. Finally, we included information regarding time since the last dental visit (<1, 1-4, and >4 years ago) 26 and obesity, which was characterized into four groups according to body mass index (BMI) (underweight, normal, overweight, or obese).
Statistical analysis
In descriptive analyses, we estimated mean numbers of missing teeth in relation to participant characteristics for dentate participants using predicted marginal means and 95% CIs based on Taylor series linearization from log-linear models. 27 To examine associations between diabetes and tooth loss, we estimated ORs and 95% CI of having nine or more missing teeth in dentate participants using logistic regression models adjusting for age, sex, Hispanic background group, study site, nativity status, income, education, last dental visit, current health insurance status, alternative healthy eating index, cigarette smoking, obesity, chronic periodontitis, CRP levels, and percent decay and filled teeth. In secondary analyses, we estimated ORs and 95% CIs of being edentulous in relation to diabetes status. In exploratory analyses, we stratified models by Hispanic background group to evaluate whether associations between diabetes and missing teeth differed across Hispanic backgrounds (analysis available on request).
In addition, we tested for statistical interaction of diabetes with missing teeth by sex and age group (18-44, 45-65, 65+) in separate logistic regression models using interaction terms (ie, diabetes×sex; diabetes×age group) and adjusted for age, Hispanic background group, study site, nativity status, income, education, number of dental visits, current health insurance status, alternative healthy eating index, cigarette smoking, and obesity. A statistically significant interaction between diabetes and age group was not found, so stratified analyses were not shown. All tests were two-sided and statistical significance was defined as p<0.05. All analyses accounted for complex survey design using SUDAAN V.11.0 (RTI, Research Triangle Park, North Carolina, USA). Figure 1 presents the distribution of missing teeth in the study population among participants; teeth missing for other reasons than disease were not included (ie, trauma, orthodontics). Note that the figure is unweighted and that the distribution is not normal, with most participants missing either few (1) (2) (3) (4) (5) or all of their 28 teeth (mean=5.6, median=2). Table 1 presents age-adjusted mean numbers of missing teeth for specified levels of participant characteristics in dentate persons, both overall and separately for men and women. Patterns of tooth loss are consistent across categories within participant characteristics for men and women, yet women generally exhibit higher mean missing teeth than men. Associations were evident for nativity status, age group, and annual household income, with higher mean numbers of missing teeth for foreign-born versus US-born, older versus younger, and lower versus higher annual household income participants. Women enrolled in Medicaid have higher mean numbers of missing teeth than those with none or other health insurance, yet this relationship was not found in men, relatively fewer of whom were Medicaid enrollees. Both overall and for men and women separately, there is a strong gradient of mean missing teeth across smoking status, with never-smokers having 3.1 mean missing teeth and current smokers having 4.7 mean numbers of missing teeth. No consistent trend in the mean number of missing teeth was evident by the participants. This study also elucidated the fact that in this population, compared with persons with normal glucose tolerance, diabetes status (controlled and uncontrolled) defined BMI levels, although underweight participants tended to have the highest numbers of missing teeth. Healthy eating pattern was related to fewer numbers of mean missing teeth. The difference for participants in the healthiest eating index quintile compared with participants in the unhealthiest eating quintile is more than 2 fewer mean number of missing teeth, as people in the unhealthiest quintile (the lowest fifth) have 4.5 mean missing teeth and those in the highest quintile have 2.2 mean numbers of missing teeth. Table 2 presents associations of diabetes and tooth loss in the overall study population and by gender. Overall, individuals with diabetes were significantly more likely to have >9 missing teeth than those without diabetes (model 1; adjusted OR=1.40, 95% CI 1.12 to 1.76). Among persons with diabetes, those with uncontrolled diabetes had significantly higher odds of having >9 missing teeth than those without diabetes (model 1; adjusted OR=1.92, 95% CI 1.44 to 2.55). Similar patterns of these associations were observed in men and in women. However, there were no associations between impaired glycemic status ( prediabetes) or controlled diabetes with missing teeth. Additionally, we found that neither duration of diabetes nor level of diabetes control changed our overall findings (see online supplementary table S1).
RESULTS
Tooth loss by patient characteristics
Associations of diabetes status with tooth loss
While adjustment for chronic periodontitis and CRP did not change any of the effect estimates, control for percentage of decayed and filled teeth attenuated all observed associations by an appreciable amount in the overall population (table 2, model 2). These attenuations were more pronounced in women than in men. Sensitivity analyses showed that the percentage of filled teeth rather than percentage of decayed teeth was the driver of these observed attenuations (data not shown). When complete tooth loss (edentulism) was considered as the outcome (table 3) , we similarly observed a higher likelihood of being edentulous odds in persons with uncontrolled diabetes as compared with those without diabetes in the fully adjusted model (adjusted OR 1.73; 95% CI 1.22 to 2.46). This association was similar in men and women.
In exploratory analyses, we tested for interaction of diabetes and missing teeth by age (see online supplementary table S2). Overall, we found that the relationship of diabetes with missing teeth was stronger at younger ages ( p for interaction <0.0001; in men: p=0.0013, in women: p=0.0462). We also tested for interaction by Hispanic heritage groups and found no evidence that the associations varied significantly by Hispanic background (data available on request).
CONCLUSIONS Summary of findings
This analysis represents the first to examine the relationship between diabetes and tooth loss in persons from diverse Hispanic background groups using data from HCHS/SOL. The principal finding of this study is that relative to participants with normal glucose tolerance, participants with uncontrolled diabetes had a higher likelihood of both missing nine or more teeth and edentulism. The findings persisted after adjustment for an array of potential confounders including socioeconomic status, number of dental visits and health behaviors. These findings are similar to those from a prospective population-based study in Germany, where uncontrolled diabetes was associated with increased mean periodontal attachment loss and an increased risk of future tooth loss compared with normal glycemic status. 28 Our finding that uncontrolled diabetes was associated with edentulism is consistent with an analysis of 2003-2004 NHANES data, in which persons with diabetes had a greater likelihood of being edentulous, compared with those without diabetes. 7 A positive relationship exists between glucose impairment and mean numbers of missing teeth. That is, compared with persons with normal glucose tolerance, persons with impaired glucose tolerance and diabetes had higher mean numbers of missing teeth. 7 In our study population, age, nativity status, income, cigarette smoking, and less healthful eating were associated with higher mean numbers of missing teeth in men and women, and current insurance status was associated with higher mean numbers of missing teeth in women. A population-based study in Germany reported an overall positive association between type 2 diabetes and number of missing teeth, which was stronger in women than in men. 29 Elevated CRP levels have been found to be associated with tooth loss and advanced periodontal disease, 30 yet in our sample, adjustments for CRP did not attenuate the relationships. Since chronic periodontitis and dental caries are leading causes of tooth loss, we adjusted for these conditions in the analyses. Mechanistic studies have found that diabetes leads to an exacerbated inflammatory response in the periodontium, which impairs healing and repair to the related periodontal structures and results in enhanced destruction. Moreover, the relationship between periodontal disease and diabetes is bidirectional. Thus, not only can diabetes enhance periodontal destruction and inhibit repair, but periodontal disease can also contribute to impaired glycemic status. 31 32 To test for this potential pathway between diabetes and periodontal disease, we adjusted for chronic periodontitis in the multivariable models, but the effect estimates were unchanged.
Our finding that the percentage of filled teeth attenuated the associations between impaired glycemic status and tooth loss and edentulism in women suggests a possible treatment effect; that is, women are more likely to seek dental care than men, and young women tend to have better dental hygiene habits than young men. 33 34 In anthropological studies, women have been found to have higher rates of dental caries and tooth loss 35 36 ; thus, gender differences in oral health could be due to biological or dietary reasons in addition to a treatment effect.
In our analysis, we aimed to evaluate differences in the relationship between diabetes and missing teeth by Hispanic/Latino heritage groups in HCHS/SOL. A previous report examining the prevalence of cardiovascular disease (CVD) risk factors in HCHS/SOL found significant variations in risk factor prevalence among heterogeneous Hispanic background groups in HCHS/SOL, with a particularly elevated risk for CVD in Puerto Ricans. 37 In contrast, in our study, we did not find marked differences among Hispanic background groups in mean numbers of missing teeth or edentulism.
Not since the early 1980s when the Hispanic Health and Nutrition Examination Survey (HHANES) aimed to provide a baseline for chronic conditions in Hispanic Americans has a population-based study collected and evaluated data from Hispanic background groups on such a large scale. HHANES was both an informative and comprehensive baseline, but its data collection was limited to Mexican-Americans, Puerto Ricans, and Cuban-Americans. 38 The HCHS/SOL study population also includes Dominican-Americans, Central and South Americans as well as Mexican-Americans, Puerto Ricans, and Cuban-Americans, which is a major strength of this analysis. Moreover, HCHS/SOL uses a hybrid design, which incorporates probability sampling within preselected heterogeneous locations. Compared with surveillance systems such as the BRFSS that use a self-report definition of diabetes, HCHS/SOL uses the ADA definition of diabetes status involving clinical measures, which allows for careful assessment of glycemic status. 18 One limitation of this analysis is that it is cross-sectional; hence, whether diabetes preceded the tooth loss, or vice versa, cannot be determined. Another potential limitation is that teeth missing from orthodontic treatment or trauma may also have had underlying dental problems. Finally, we were unable to distinguish between type 1 and type 2 diabetes mellitus in this data set, so we were unable to analyze the data based on type of diabetes.
In conclusion, we found that diabetes is related to tooth loss in Hispanics/Latinos overall, which is a relationship that has not been previously examined in such a large sample size of Hispanics/Latinos. This study also elucidated the fact that in this population, compared with persons with normal glucose tolerance, uncontrolled diabetes was related to higher mean numbers of missing teeth. Moreover, uncontrolled diabetes is a driver for tooth loss >9 teeth, which is an indicator of functional dentition. 39 This analysis suggests that dentists should be aware of their Hispanic 7 10 patients' diabetes status and whether or not they are well controlled, because it could impact tooth loss and impair oral function, which can lead to poor nutrition and chronic complications of diabetes. Contributors APG conceptualized the study and wrote the manuscript; CRS conducted the data analysis and aided in writing the paper; MEN contributed to writing, editing, and revising the manuscript; RCK reviewed and edited the manuscript; GWT contributed to the data analysis and discussion; TLF reviewed and edited the manuscript; QQ. reviewed the manuscript; and VB collected data and reviewed the manuscript. Competing interests None declared.
10
Ethics approval Yeshiva University Albert Einstein College of Medicine.
Provenance and peer review Not commissioned; externally peer reviewed.
Data sharing statement Data from HCHS/SOL can be accessed by submitting proposals for manuscripts or by submitting an ancillary study proposal through the HCHS/SOL website, https://http://www2.cscc.unc.edu/hchs/.
Open Access This is an Open Access article distributed in accordance with the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work noncommercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: http:// creativecommons.org/licenses/by-nc/4.0/
